The process gg → h 0 → γγ is studied in the Lee-Wick extension of the Standard Model (LWSM) proposed by Grinstein, O'Connell and Wise. In this model negative norm partners for each SM field are introduced with the aim to cancel quadratic divergences in the Higgs mass. All sectors of the model relevant to gg → h 0 → γγ are diagonalized and results are commented on from the perspective of both the Lee-Wick and higher derivative formalisms. Deviations from the SM rate for gg → h 0 are found to be of the order of 15% -5% for Lee-Wick masses in the range 500 GeV -1000 GeV. Effects on the rate for h 0 → γγ are smaller, of the order of 5% -1% for Lee-Wick masses in the same range. These comparatively small changes may well provide a means of distinguishing the LWSM from other models such as universal extra dimensions where same-spin partners to Standard Model fields also appear. Corrections to determinations of CKM elements |V t(b,s,d) | are also considered and are shown to be positive, allowing the possibility of measuring a CKM element larger than unity, a characteristic signature of the ghost-like nature of the Lee-Wick fields. *
Introduction
The Higgs mechanism is one of the cornerstones of the Standard Model (SM) since it provides an elegant way of endowing the fundamental particles of the SM with mass. Therefore, it is not surprising that in past decades large efforts have been undertaken to find the Higgs boson and thus confirm this mechanism of electroweak symmetry breaking (EWSB). From a more theoretical point of view, the Higgs mechanism, however elegant, has a severe aesthetical flaw on the quantum level. Due to the emergence of quadratic divergences in the self-energy corrections of the scalar Higgs boson, there must be some essential fine-tuning in order for its physical mass to satisfy all constraints, including the upper limit of roughly 1 TeV stemming from unitarity requirements in W L W L scattering. One viable method to significantly reduce the amount of fine-tuning consists of introducing new degrees of freedom such that the quadratic divergences disappear. To protect the disappearance, additional symmetries, like in the case of supersymmetry, have been postulated, or the mechanism of EWSB and the Higgs boson itself have been explained on different dynamical grounds like in the case of technicolour models, which render the Higgs boson a composite object. Furthermore, in the past years a number of models involving extra dimensions have been developed and discussed which aim to minimise the amount of fine tuning by reducing the upper scale of the theory.
On the basis of the work "Finite Theory of QED" by Lee and Wick (LW) [1, 2] , Grinstein, O'Connell and Wise (GOW) [3] proposed an extension of the SM which is free from quadratic divergences 1 . The basic idea of Lee and Wick was to assume that the regulator employed in the framework of Pauli-Villars regularisation indeed is a physical degree of freedom which is not removed from the amplitudes. The scale of the LW masses has to be high enough to evade current experimental constraints and low enough in order to solve the hierarchy problem. Moreover, in the context of the see-saw mechanism for neutrino masses, it was shown in Ref. [4] that the presence of a very heavy right handed neutrino does not introduce destabilizing corrections to the Higgs mass of the form δm 2 H ∼ m 2 ν R , provided that m ν R ≫ m ν L . This is unlike the minimal see-saw extension of the SM, where destabilizing corrections of the type mentioned above do appear.
However, a number of questions emerge concerning the interpretation and consequences of the Pauli-Villars "wrong-sign" states. A formal argument in favour of unitarity was given in Refs. [2, 5] , based on the idea that once interactions are switched on, the negative norm states mix with physical multiparticle states into states with complex masses. The orthogonality of those states with the physical states then ensures that the S-matrix does map one type into the other. This is a necessary condition for the unitarity of the S-matrix restricted to the physical (positive norm) subspace. An illustrative example of how the finite width preserves unitarity can be found in [3, 6] . Contrary to the regular finite width, the complex masses are situated on the physical sheet upsetting the usual analytic structure. This demands a modification to the integration contour in the complex plane in order to eliminate exponentially growing modes [2, 7] . Consistent results using this approach were obtained order-by-order in perturbation theory in Refs. [5, 6] .
This modification of the integration contour leads to acausal effects [2, 5, 6] on the time scale of the inverse width of the LW state. The width Γ LW of the LW resonances under consideration is too large for the time scales which can be resolved at current colliders. On the other hand, in this paper, finite width effects will be neglected since the LW mass scales and the difference between the LW and SM masses are much larger than the LW width, m LW ≫ Γ LW and (m LW − m SM ) ≫ Γ LW .
A non-perturbative definition of the Lee-Wick approach using path integrals was first investigated in Ref. [8] but, as the authors state, the relation to the LW prescription remained unclear. The Euclidian path integral in the Higgs sector was then studied almost ten years later [9, 10] , with the aim of investigating the triviality bound on the Higgs mass from the lattice using a symmetry preserving regularization. There it was clearly stated that the ghost poles due not allow a continuation to Minkowski space. Recently a path integral formulation has been advocated based on a test function space [11] , which allows the continuation to a convergent Minkowski space formulation. Moreover, in that work the Lee-Wick contour prescription was derived from a path integral approach. It is worth mentioning that this prescription does not correspond to adding convergence factors to the action and therefore clarifies why earlier attempts were not able to relate the Euclidian path integral and the LW formulation.
In their recent paper, GOW made use of the fact that regularising Pauli-Villars-like states may be obtained from higher derivative terms in the Lagrangian. To illustrate this and to show how the additional fields of the LW approach cancel the quadratic divergences in the LW model, a toy model will be considered, similar to the one proposed by GOW [3] , of a self-interacting, real scalar fieldφ, with a higher derivative term in the Lagrangian density
Taken directly from this Lagrangian, the propagator of theφ field readŝ
in momentum space, where
are the physical masses. A possible interpretation is that, effectively, this theory describes two degrees of freedom with masses m phys and M phys , respectively. The authors of [3] have shown how to make these degrees of freedom manifest by introducing an auxiliary "LeeWick" fieldφ of mass M, such that the Lagrangian becomes
The higher derivative Lagrangian Eq. (1) may be recovered from Eq. (4) by employing the equation of motion (EoM) M 2φ = ∂ 2φ . Furthermore, by decomposing the field of the higher-derivative theoryφ into a "standard" field φ and a LW fieldφ, through the shift φ = φ −φ, the Lagrangian can be written
Clearly, in the presence of m, the two states φ andφ mix. The Lagrangian can be expressed in terms of mass eigenstates after a symplectic transformation on the fields
where the constraint, 2 m < M must be satisfied, leading to the constraint on the physical masses m phys < M phys . Expressed in the new basis, the Lagrangian density becomes
The ultraviolet behaviour of this theory can be accessed from the Lagrangian of Eq. (7), where from now on the primes are dropped. At order O(λ), for instance, the self-energy correction to the φ field has two tadpole contributions, where either φ orφ run in the loop. Employing dimensional regularisation with d = 4 − 2ε, they read
, and apparently the quadratic divergence has been reduced to a logarithmic one. This is the anticipated result, since the introduction of higher-derivative terms in the way proposed by GOW leads to higher powers of the momentum in the propagators of the full theory, thus improving the convergence of graphs. Effects of higher derivative terms in the interactions could eventually upset this picture, however such terms are not present in the toy model discussed here. For the full LW version of the SM, studied in Sec. 2, the situation is not so clear.
In the past few months various consequences of the LW extension of the SM (LWSM) have been discussed, in particular the prospects for finding LW bosons at the LHC [12] and LW effects in flavour physics [13] . This publication aims at a first study of the phenomenology of the LWSM at loop level in the "golden-plated" discovery modes for low-mass Higgs bosons at the LHC, gg → h 0 → γγ. Following the reasoning above, one would naively expect similarly strong cancellations in all kinds of loop-induced processes, effectively suppressing a plethora of interesting signals, such as, e.g. gg → h 0 → γγ.
So the outline of this paper is as follows; in section 2 the initial work of GOW on the construction of the LWSM will be supplemented with a discussion of all transformations from the original degrees of freedom into the mass eigenstates. Then the exact cancellation of quadratic divergences in the Higgs self-energy will be checked. In section 4, the decay widths for h 0 → gg and h 0 → γγ will be calculated in the LWSM. They will be multiplied such that the overall cross section for gg → h 0 → γγ can be obtained and compared to results from other models, such as universal extra dimensions (UEDs). Furthermore, in this section, some of the phenomenological consequences will be highlighted. Section 5 will outline some interesting effects in the flavour physics sector, in particular related to the determination of CKM matrix elements. Some short discussion of potential further effects of this model and how it can be distinguished from other models beyond the Standard Model round off the publication, before its central findings are summarised.
2 The Lagrangian of the Lee-Wick Standard Model
Construction principle
The principle idea underlying the Lee-Wick extension of the SM constructed by GOW is to augment the SM Lagrangian with higher derivative terms. Of course, in principle a huge number of such terms are allowed, see for instance [14, 15] , but only few of them are actually selected for the construction of the LWSM. In particular;
• for each scalar, a term
is introduced (see also the toy model in the introduction), where D µ is the gauge covariant derivative;
• for each fermion, a term
is added;
• and for each gauge field, a term
is added. The field strength tensor is generalised tô
where T A are the generators of the corresponding gauge group with coupling constant g.
It should be stressed that the rest of the structure of the SM, in particular the interactions, remains unchanged apart from replacing the original SM fields with the "hatted" fields of the higher derivative theory.
Higgs sector
In the Higgs sector of the LWSM, higher derivative terms of the form of Eq. (8) are eliminated in a way identical to the toy model; auxiliary fieldsH are introduced and their EoM are used to replace the higher derivative terms with mass terms and kinetic terms for the auxiliary fields. The kinetic terms betweenĤ andH are diagonalized by applying a shiftĤ = H −H. Further diagonalization of the Higgs mass matrix proceeds in the same fashion as in the toy model studied by GOW and in the introduction. Thus, in the unitary gauge the two doublets are
where h 0 refers to the SM-like neutral Higgs boson,h + ,h 0 , andP 0 refer to the charged and neutral scalar and pseudoscalar LW Higgs bosons, respectively. Apart from their negative norm, this added Higgs-doublet is a structure which can be found in many extensions of the SM, most prominently in the MSSM. It is worth stressing at this point that the LW Higgs doubletH does not aquire a vacuum expectation value.
Neutral, CP-even Higgs bosons
The kinetic term for the neutral, CP-even Higgs bosons reads
where the covariant derivativeD µ is defined aŝ
with the abbreviation
Y for all SM gauge fields andÃ µ the analogous expression for the LW versions of the gauge fields. Furthermore, the two CP-even scalars of the theory, h 0 andh 0 are now arranged in a vector H, and they mix
The matrix M h η 2 can only be diagonalized if M H > √ 2λ v. The diagonalization is achieved by the symplectic transformation S h satisfying
where the fields H and the matrix M h transform as
For the sake of notational brevity the suffix "phys" will be dropped later on for the fields but it will be retained on the matrices and the mass eigenvalues for clarity. The symplectic rotation angle φ h and the diagonalized mass matrix M h,phys are given by
Prior to diagonalization of the neutral Higgs boson mass matrix, from Eq. (13) notice that the LW Higgs fields do not couple to gauge bosons via a trilinear coupling after electroweak symmetry breaking, suggesting a "gaugeophobic" structure. This follows from the fact that theH does not aquire a VEV. However, after diagonalization, mixing will induce these trilinear couplings with a strength proportional to the hierarchy between the SM-like and LW Higgs masses.
Fermions

Kinetic terms
For the fermions, transforming between the higher derivative formalism and the LW picture is slightly more involved. The higher derivative term Eq. (9) generates a Dirac-type mass for the associated LW fields. Therefore each SM fermion, treated as a massless chiral field before electroweak symmetry breaking, receives one left-and one right-handed LW fermion partner. This results in an apparent tripling of the number of degrees of freedom, rather than a doubling as seen in the scalar sector. Alternatively, since they are charged, it is clear that the LW fermions need to have a mass-term of the Dirac-type necessitating left-and right-handed fields of the same SU(2) L representation.
Yukawa interactions and physical masses
After introducing the required auxiliary fields and performing a shift in the field variable, as described above, the Yukawa interactions for the quarks take the following form
In the lepton sector the Yukawa interactions also take a similar form. All quarks apart from the top quark will be assumed to be massless, which is expected to be a good approximation in the limit that the LW mass scales are larger than the top mass m t,phys . Only one Yukawa coupling will therefore be considered, g 33 u ≃ 1. It will also be assumed that the LW mass matrices of theQ L andũ L are diagonal. Such an assumption is compatible with the principle of Minimal Flavour Violation (MFV) [16] .
An additional Yukawa term coupling the right-handed SU(2) L doublet fermion and the left-handed SU(2) L fermion singlet is allowed by the SU(2) L symmetry. This could have been written
but it is not required by the model. As pointed out in appendix A, this term does not have any impact on the results of our paper and it is therefore neglected in the following. For the diagonalization of the fermion mass matrix it is convenient to put each flavour into a three dimensional vector, such that
where
Lower case fermions denote SU(2) L singlets. Note that each chiral fermion, taking T L as an example, necessitates two chiral fermion partners,T L andT ′ R , to form the massive LW degree of freedom. In this formalism, the neutral Higgs-top interactions are given by
Here, the parametrisation of the Higgs fields introduced in Eq. (12) has been employed and the Yukawa couplings are encoded in the matrix
The presence of two LW fermion partners means the diagonalization of the fermion mass matrices is slightly more involved than the scalar case [3] . The kinetic term assumes the following form
with
Notice that Eq. (28) incorporates the fermion to SM gauge boson, and fermion to LW gauge boson interactions via the covariant derivativeD, defined in Eq. (14) . These interactions are essential for the calculations in section 4. The mass matrix M t can be diagonalized by separate left and right transformations
The fields Ψ L(R) and the matrices M t and g t transform as
The S L(R) can be treated as two symplectic rotations and one unitary transformation.
Notice that the matrix g t,phys is not diagonal in general. In the same way as in the Higgs sector the "phys" symbol will be omitted for the fermions for notational brevity but it will be retained on the matrices and the physical masses for clarity. Performing the matrix diagonalization analytically leads to lengthy expressions. Therefore, explicit results for the physical masses M t,phys , the transformation matrices S L,R and the Yukawa couplings g t,phys will be given as a series expansion in ε ≡ m t /M, where the limit M Q = M u ≡ M is explicitly used:
and
Finally, the Yukawa couplings are proportional to the matrix
It must be stressed here that the diagonalization of the mass terms is possible only if M > 3 √ 3 m t /2. The cubic equation for the physical masses of the top quarks is given in appendix C. Also given in appendix C are expressions for the matrices g t,phys and M t,phys in an expansion more closely related to physical masses.
The simple relation between S R and S L in Eq. (32) is due to the fact that for M Q = M u the matrix M t η 3 is symmetric. This in turn implies that the property g ⊤ t = g t is preserved by the transformation (30) to the physical matrix g t,phys .
Note that the diagonalization of fermions does not affect the coupling to the gauge bosons in Eq. (27) due to the defining property (29).
Gauge Bosons 2.4.1 One gauge field
The gauge sector is slightly more involved than the fermion and scalar sectors. As a "warm-up" exercise, first a single gauge sector will be discussed. In this discussion it will become apparent that the auxiliary degree of freedom introduced to deal with the higher derivatives is not a gauge field -the new fields have a mass-term from the start and hence they are truly massive spin-1 fields, i.e. Proca fields.
The gauge sector in the higher derivative formulation is defined through the usual gauge kinetic term −1/2tr F µνF µν plus the higher derivative kinetic term given in Eq. (10), which generates new types of interaction terms. The higher derivative term can be eliminated by introducing the auxiliary fieldÃ µ [3]
Clearly, for an Abelian gauge symmetry the commutator of the gauge fields would vanish. As before, the higher-derivative Lagrangian is obtained by eliminating the auxiliary field by its EoM. Moreover the EoM
explicitly shows that the auxiliary is not a gauge field. Under a local gauge transformation G(x) the two fieldsÂ µ andÃ µ transform aŝ
The kinetic terms are diagonalized by the field shiftÂ µ = A µ +Ã µ , where A µ transforms asÂ µ (36) under a local gauge transformation. The Lagrangian then assumes the form
Note that there are no terms linear in either A µ orÃ µ , as demanded by the diagonalization, which is not immediately obvious from the expression above. The propagators for the fields are
The standard R ξ gauge has been chosen for the gauge field A µ . As already emphasized, the fieldÃ µ is not a gauge field, its propagator is that of a massive vector field, formally identical to that of, say, the W gauge boson propagator in unitary gauge. This fact will be further exploited in section 4.2 when calculating the W loop contribution to h 0 → γγ.
The complete SM gauge sector
In this section, the mass diagonalization of the gauge sector in the LWSM will be addressed. After electroweak symmetry breaking, the masses of the electroweak gauge bosons have the following form
In the equations above, a = {1, 2}, The 2×2 matrix M W η 2 is diagonalized by a symplectic transformation such that
The matrix S W satisfies
The 4×4 matrix M B η 4 is diagonalized by a combination of symplectic and orthogonal transformations such that mixing between the upper two and lower two components occurs via a symplectic rotation and mixing amongst either the upper or lower two components occurs via an orthogonal rotation. Under this transformation,
and one physical mass is guaranteed to be zero (corresponding to the photon).
In the following, it will be assumed that mixing between the SM and LW sectors can be treated as a perturbation to the usual SM mixing [3] . This allows the upper 2×2 block of M B to be diagonalized by an orthogonal rotation about an angle θ W , the usual weak mixing angle. The LW fields can then be diagonalized by another orthogonal rotation with a mixing angle
Hence, depending on the actual values of M 1 and M 2 this angle can assume any value and for M 1 = M 2 it is, not surprisingly, identical with the original Weinberg angle.
As pointed out by GOW [3] , mixing between the neutral SM and LW gauge bosons will lead to a tree-level contribution to the electroweak ρ parameter. Bounds on ∆ρ place constraints on M 1 such that M 1 > ∼ 1 TeV, thus placing bounds on the masses of the neutral LW gauge bosons. Clearly a more careful analysis would be desirable, but for the purposes of this work M 1 > 1 TeV will be assumed. It should be pointed out that measurements of muon decay do not set a tree level constraint on the the mass of the LW W boson, contrary to models with a W ′ [17] . This can for instance be seen in the higher derivative formulation by observing that the propagator (2) at zero momentum transfer D(0) = −i/m 2 does not contain any trace of the LW mass scale! Bounds on the LW W boson are therefore expected to be less stringent than those on the LW Z boson. Bounds from direct searches for W ′ s and Z ′ s are model dependent, but are typically in the range 780-920 GeV for heavy SM-like gauge bosons [18] .
Higher derivatives vs LW formulation
In this section the mechanism responsible for cancelling quadratic divergences is outlined in both the higher derivative formalism, as advocated in Ref. [3] , and the original LW formulation [2] . Moreover, at the end of this section some comments on the consequences for finite graphs are added.
Introducing higher derivatives improves the convergence of graphs by adding higher powers of momenta in the propagators. This works as long as potential higher derivatives in the interaction terms do not upset this effect. In the LW model higher derivatives are introduced into the kinetic terms but also to the interaction terms, e.g.φ †D4φ (8), through the principle of minimal coupling. It is therefore not obvious that the Higgs boson self-energy contribution due to gauge fields has any improved convergence. It was pointed out in [3] , by assuming the Landau gauge, that the potentially dangerous derivatives in the interaction term can be moved to the external legs. This assures improved convergence, which means that the quadratic divergences are absent. The absence of quadratic divergences in the Higgs boson self energy due to the fermions is immediate in the higher derivative formulation, contrary to the case discussed above, since the Yukawa interaction term is not affected by additional derivatives enforced by a minimal coupling.
It is also instructive to investigate the cancellation of quadratic divergences in the Higgs boson self energy due to fermions in the LW formulation. Naively, it is not obvious how this happens, but since the two formulations are equivalent for physical quantities it is clear that cancellations must take place.
After diagonalization of the fermion states there are nine possible graphs per flavour corresponding to all different pairings of propagators of the fermion states Ψ
which is invariant under the orthosymplectic transformation Eq. (30)
This is easily verified by the use of the property Eq. (29). Note that the invariant properly takes into account the minus signs of the ghosts. Therefore Eq. (26) implies that the invariant I gt = |m t | 2 (1 + 1 − 1 − 1) = 0 vanishes guaranteeing the absence of quadratic divergences. A quicker way to see this, which has already been advocated in reference [3] , is to use the fact that the quadratic divergencies are independent of the mass and that therefore the masses can be set to zero 2 in which case the states are diagonal from the beginning and the absence of quadratic divergencies again follows from Eq. (26) and the ghosts signs.
It was shown above how quadratic divergences cancel, even in the slightly complicated case of the fermion loop. It is worth pointing out that the quadratic divergences may re-enter via the back door through the mass of the virtual LW particle in cases where the diagrams do not decouple in the infinite mass limit, which is the case for the quadratically divergent subprocesses. A simple an example is the quartic Higgs boson self interaction for which the corresponding self energy is
where the dots stand for logarithmic corrections. The meaning of this intuitive result is that in order to solve the hierarchy problem the LW Higgs mass should not be much higher than the electroweak scale.
Furthermore, as stated in the introduction it was shown in Ref. [4] that in the context of the see-saw mechanism a heavy neutrino can be embedded into the model without destabilizing the Higgs mass. More precisely a correction of the form δm
, which is caused in the see-saw extended SM through the loop of the left handed and right handed neutrino, does not appear in the see-saw extension of the LWSM, as long as
After understanding what happens to processes which are divergent in the SM, it is natural to ask what the impact is on processes which are finite in the SM. From the above discussion and the explicit form of the propagators (2) it could be anticipated that the higher derivative formulation implies corrections of the form ( √ s/M LW ) n with s the energy of the process and n some positive integer power. In the LW formulation the same result follows from the viewpoint of the Appelquist-Carazzone decoupling theorem [19] . 4 The process gg → h 0 → γγ in the Lee-Wick SM
The discussion of the process gg → h 0 → γγ is one of the main topics of this paper since it has a huge importance for Higgs boson searches, especially for comparably low Higgs boson masses. The main Feynman graphs at leading order are depicted in Fig. 1 . It is useful to parametrize the ratio of amplitudes in the LWSM to the amplitudes in the SM as
The ratio of the cross-section times decay rate for the full process gg → h 0 → γγ therefore reads
Differences between the SM and the LWSM show up in the process gg → h 0 → γγ because of additional degrees of freedom propagating in loops and also because of effects due to the mixing of the SM and LW fields e.g. Eq. (17),
The mixing factors, which will be denoted by the letter s, are easily read off from Eq. (16) and (17) 3 :
where the subscripts denote the type of interaction coupling. Yukawa interactions couple the fermions to the combination H −H (c.f. Eq. (21)) and so the correction to this vertex is denoted s H−H . As discussed in section 2.2.1, the LW Higgs does not couple to the gauge bosons via a trilinear coupling in the interaction basis, and therefore the Higgs-to-gauge boson vertex is scaled by a factor s H .
gg → h 0
The process gg → h 0 is mediated by a fermion triangle loop as depicted in Fig. 1(1A) . In the SM the top contribution is the only relevant contribution, c.f. appendix B. The graph essentially counts the number of heavy quarks m Q,phys > ∼ m t,phys . The fermion loop without couplings scales as 1/m f in the heavy mass limit, obeying the decoupling theorem. The total vertex is independent of the fermion mass since the Yukawa coupling is proportional to m f . From the discussion in the previous section the crucial question is what the power correction m h 0 /m t,t,t ′ ,phys is. The analysis will be first outlined in the LW formulation, and then the argument will be given in the higher derivative formulation. After noticing how the triangle graph scales with the fermion mass, it is clear that the the effective vertex in the LW formulation is proportional to
where β t = 4m 2 t,t,t ′ ,phys /m 2 h 0 ,phys is the threshold parameter. Note that the first term is independent of the actual values of the various top quark masses and the remainder stands for the asymptotic corrections to the m t → ∞ limit. The leading term is invariant under the orthosymplectic transformation of Eq. (30). Moreover it has the additional curious property,
of being equal to one, which is explicitly demonstrated in appendix A. Furthermore, the invariant remains unity even if a Yukawa term of the form Eq. (22) would be added; again this finding is discussed in more detail in appendix A. Another way to understand this result is by inspecting the fermion propagator of the higher derivative formulation. The additional term in Eq. (9) leads to a propagator
Notice that the graph remains finite because the increase in convergence coming from the fermion propagators is sufficient to compensate for higher-derivative interaction terms of the form δL hd ∼t(∂ 2 /M 2 ) / At. The fermion triangle graph has a SV V structure and the trace over the Dirac matrices vanishes unless the SM fermion mass term m is picked up. This means by power counting that the correction from the LW fermions is of the order of O(s/M 2 ) and therefore the power is n = 2. The scaling arguments in the SM would in principle allow for n = 1. In the higher-derivative formulation this does not happen because the LW fermion mass M does not enter with a term proportional to the unit matrix, in contrast to the SM fermion mass m. Notice that the difference in the structure of the SM and LW mass terms is transparent in the higher derivative formalism but not in the LW formalism. In the LW formulation the scaling of the pure loops is 1/m f , as stated above, but the diagonalization of the Yukawa matrix exactly cancels this effect. Furthermore, this implies that the Yukawa element (g t,phys ) 11 > m t,phys which is unusual and due to the ghost-like nature of the LW particles. The consequences for the CKM elements |V t(d,s,b) | will be discussed later, in section 5.
Finally, the κ factor for the process gg → h 0 is then simply given by
where s H−H takes into account the mixing of the SM and LW Higgs and is given in 4 The quantityF 1/2 may be written in terms of a trace as:
Eq. (52). The the threshold parameter β x is
The form factor F 1/2 is given in the appendix B Eq. (A.10).
h 0 → γγ
In addition to the top quark loop, already discussed for the process gg → h 0 , the process h 0 → γγ receives further contributions from the W boson loop Fig. 1(2A,2B) and LW charged Higgs bosons Fig. 1(3A,3B) .
The dominant contribution to the process h 0 → γγ comes from charged gauge boson loops, as can be seen in appendix B. The gauge boson sector of the LW model is studied in section 2.4. A central finding there was that the LW gauge boson propagator (38) has a form identical (up to a sign) to the SM gauge boson propagator in the unitary gauge. Furthermore, all relevant vertices are also identical up to signs. Therefore, in the unitary gauge the LWW boson contribution has an identical form to the SM W boson up to some multiplicative factors. Since the amplitude is independent of the choice of gauge this implies that the LW W boson contribution is finite, although in naive power counting it is not finite. This has been checked through an explicit calculation. Moreover, further graphs containing mixed vertices of the type ∂h + h − A can be avoided by choosing the unitary gauge for the SU(2) L gauge field which decouples the would-be Goldstone bosons from the Lee-Wick charged Higgs bosons.
Taking everything together, the total correction factor κ γγ is thus given by
where the form factors F 1/2 , F 1 and F ϕ 0 are given in appendix B. The SM and LW Higgs mixing factors s H−H and s H are given in Eq. (52). In contrast to the SM, the LW model has an additional contribution from charged LW Higgs bosons running in the loop 5 . Their Feynman rules may be read off from the Lagrangian in Eq. (13) and the parametrisation (12) . The top fermion contributionsF 1/2 are the same as in the previous section Eq. (57), up to the colour factor replaced by their fractional charges. As discussed above, the LW W boson contribution is the same as in the SM up to factors which are easily read off from the Lagrangian. There is also an effect due to the mixing of the W bosons Eq. (40) 
The full W boson contribution is then given bỹ
The correction (g t,phys ) 11 /m t,phys . . . inF 1/2 , Eq. (57), is analogous to the correction s (A+Ã) 2 , toF 1 . The combined pairs of vertices (W W A,WW A) and (W W AA,WW AA), appearing in the diagrams shown in Fig. 1(2A,2B) , are left unchanged under the mixing. From a formal point of view this has to be the case since the triangle graph with the first two couplings (Fig. 1(2B) ) and the self-energy graphs ( Fig. 1(2A) ) are not separately gauge invariant. This effect is achieved by the fact that the vertex pairs have opposite signs and substitution of Eq. (60) gives an overall factor of, cosh ψ 
Quantitative analysis
In Fig. 2 the dimensionless correction factors s H (r h 0 ), s H−H (r h 0 ), (defined in Eq. (52)) and s (A+Ã) 2 (r W ) (defined in Eq. (61)) are plotted as functions of r h 0 or r W , respectively. Notice that as r → 1 the correction factors increase sharply, corresponding to the case where the LW and SM masses become degenerate. In this limit, interference effects between the LW and SM contributions to a process should be carefully treated. For this work, the masses of the SM and LW Higgs bosons will be assumed to be sufficiently well separated such that only the production and decay of an on-shell SM-like Higgs will need to be considered. Constraints on the various LW gauge boson mass scales were discussed in Ref.
[3] and in section 2.4. In particular, experimental constraints on ∆ρ placed bounds on the mass M 1 (corresponding to the mass of the LW heavy "photon" in the limit that
TeV. However, since there is no tree-level constraint from muon decay on the LWW mass (corresponding to M 2 in the limit M (1,2) ≫ g (1,2) v) we will assume M 2 could be lower than 1 TeV. Similar assumptions will also be made for the LW top quarks and the LW Higgs bosons such that the analysis can be performed with a common LW scale defined as,M ≡ M Q = M u = mh 0 ,phys = mh +,phys = mW ,phys . The upper plot in Fig. 3 shows the relative change in the cross-section, with respect to the SM, for the processes gg → h 0 in the LWSM. This is displayed as a function of the SM-like Higgs boson mass m h 0 ,phys . The lower plot in Fig. 3 shows the relative change in the decay rate h 0 → γγ in the LWSM, also as a function of the SM-like Higgs boson mass m h 0 ,phys . It is immediately apparent that the effects on the cross-section gg → h 0 are much larger than those on the rate h 0 → γγ. This can be traced back to the dependence of κ gg on s H−H , which rises strongly when the SM Higgs mass m h 0 ,phys approaches the LW Higgs mass mh 0 ,phys . For Higgs boson masses m h 0 ,phys = 130 GeV the correction to the rate for gg → h 0 varies between +4% and +16% for LW massesM between 1000 GeV and 500 GeV, respectively. For Higgs boson masses even closer to the LW scale the corrections can be much larger, cf. Fig. 3 .
The corrections to the decay rate h 0 → γγ are smaller for the same Higgs mass m h 0 ,phys = 130 GeV. For LW massesM between 1000 GeV and 500 GeV the corrections are between +1% and +5%, respectively. Notice that these corrections do not rise strongly for larger Higgs masses (in the range [110 -200] GeV) because the dominant contribution to the process h 0 → γγ comes from W -boson loops which have a coupling to the Higgs boson modified by the much more slowly rising s H correction factor. Fig. 4 shows the relative change in the cross section times decay rate, σ(gg → h 0 ) Γ(h 0 → γγ), Eq. (50). For m h 0 ,phys = 130 GeV with a LW mass scaleM = 500 GeV, the enhancement in the rate is ∼ 20%. For m h 0 ,phys closer to the LW scale the rate is enhanced even more due mainly to the enhancement of gg → h 0 discussed above.
However, the quantity with direct impact on experimental measurments is more likely to be the total rate σ(gg → h 0 )Br(h 0 → γγ) . The relative change in this quantity is plotted in Fig. 5 . The effects are found to be slightly smaller than the effect on the cross section times decay rate because of the simultaneous enhancement of the total Higgs width in the LWSM. The Higgs width in the SM Γ(h 0 → all) is well approximated by
wheref f can bebb,τ τ orcc . . . and potentially off-shell gauge bosons are also included. The total Higgs boson width in the LWSM can be obtained by scaling the individual SM decay rates (for the tree level processes). Using Eqs. (52) and (61) and thef f modes are scaled by a factor s 2 H−H . A technique for measuring the Higgs boson couplings g g h 0 and γ γ h 0 at the LHC was discussed in Ref. [20] . With 2×300 fb −1 of integrated luminosity, it was estimated that a new contribution to the g g h 0 coupling could be measured if the corresponding partial width was larger than ±(30 − 45)% of the SM expected value, for Higgs boson masses in the range 110 < ∼ m h 0 ,phys < ∼ 190 GeV. The prospects for measuring a new contribution to the γ γ h 0 coupling are slightly better. If a new contribution to the partial width for h 0 → γγ is larger than ±(15 − 20)% of the SM expected value, then it should be measurable for Higgs masses in the range 120 < ∼ m h 0 ,phys < ∼ 140 GeV. Notice from Fig. 3 that the expected changes in the h 0 → gg and h 0 → γγ partial widths in the LWSM fall just short of the expected reach of the LHC with 2×300 fb −1 of integrated luminosity. It could be hoped that more luminosity would uncover these small deviations, however, the apparent absence of a deviation from the SM in these channels, combined with the presence of one or more heavy LW resonances (such as aW [12] ) could be taken as evidence for the LWSM. A further potential signature of the LWSM will be discussed in the next section.
As has already been discussed in Sec. 2.3.2, each of the SM fermions experiences a mixing with the corresponding two chiral LW fermions, proportional to the ratio
While this mixing is negligible for most fermions, it may have an important effect on the top quarks and their LW counterparts, which will affect typical flavour physics observables sensitive to new physics such as B → X d,s γ or B d,s -mixing. To see how this works out, consider the interaction of the top quarks and counterparts in the down-type sector, mediated by W bosons. The interaction term in the Lagrangian has the form
This implies that the charged current interactions of any down-type quark with the top quark, i.e. any interaction of the form V * CKM itd i L / W t L , in LWSM is enhanced by the same amount 1 + ε 2 ph /2 w.r.t. the original SM value. Clearly the CKM matrix is then not by itself unitary anymore. Unitarity, which is tightly connected with the GIM mechanism and renormalizability, is obtained when both LW states and the SM particles are properly accounted for.
Clearly, for the non-top CKM matrix elements, which are obtained from direct measurements, LW mixing effects are negligible due to the small SM quark masses.
Up to now, the values of |V td | and |V ts | have only been measured in rare processes, with the top quark running in loops. Therefore, so far, these CKM matrix elements have mainly been measured in products with |V tb |, and values for |V td | and |V ts | have been obtained by assuming |V tb | = 1 on the grounds of the unitarity of the CKM matrix. Also, many of those measurements in fact provide values for |V td /V ts |, where this extra factor due to the diagonalization in the top sector of the LWSM cancels out exactly.
It is worth noting here that overshooting unitarity is a clear an indication of the ghost-like nature of the additional degrees of freedom. In other models including extra positive-norm particles, such as models with four or more quark generations and vectorlike quarks, unitarity would be undershot, c.f. Ref. [21] for example.
An additional point should be stressed here, which was already hinted at when commenting on the unitarity of the model above. The rescaling 1 +ε 2 ph /2 will of course receive corrections from the propagation of intermediate LW partners. This will lead to a decrease in the effect. Such mutual cancellations of mixing and additional particles will probably render constraints on the LWSM from flavour physics less stringent than naively expected from either the negative contribution of the additional particles or the LW mixing factors alone.
The situation is different for the measurement of |V tb | = 1.3(2) by the D0 / collaboration at the Tevatron [22] . The experimental set-up makes sure that the intermediate vector boson has the mass of the SM W boson and is not an exotic heavy degree of freedom. Therefore there will be no decreasing correction to the scaling factor 1 + ε 2 ph /2. An overview of constraints on |V tb | and the implication of new physics models can be found in Ref. [21] .
Consequences for collider searches
The LWSM would manifest itself through a plethora of resonance-like structures. It should be stressed again that these resonances are effective degrees of freedom of a more fundamental theory rather than true particles, as indicated through their ghost-like nature.
Concerning the Higgs boson spectrum, the LWSM provides a second Higgs doublet with four additional scalars, like many other models beyond the Standard Model, consisting of one heavy CP-even and one CP-odd state plus two charged ones. The latter three are, at tree-level, degenerate in mass, the CP-even state is lifted away from the other objects through mixing with the light SM Higgs boson.
The trilinear vertex of the LW Higgs boson with gauge bosons is enabled through mixing with the SM boson only. The relevant mixing factor is (s H − s H−H ), with s H and s H−H defined in Eq. (52). In other words, the gaugophobic nature of the LW Higgs boson depends on the level of degeneracy of the two neutral CP-even Higgs bosons. So, as a rough estimate, the Higgs sector of the LWSM looks like the Higgs sector of the MSSM close to the decoupling limit. Hence, in most cases, the heavy Higgs bosons could be found only though their decay into the fermions.
Signatures of additional twelve LW quarks could be found in future colliders. If in addition M Q = M u or M Q = M d , as we have assumed for the top sector, then the LW fermions would be pairwise mass degenerate. This degeneracy in fact is only lifted in the top quark sector, through the non-vanishing SM top quark mass. A similar phenomenon would occur for the LW leptons and neutrinos, but mixing effects would definitely not play a role.
So, at first sight, the situation would look quite similar to the case of the first level of fermions in models with universal extra dimensions (UEDs) [23] . A more careful discussion of this issue, however, is clearly beyond the scope of the present paper and should be the subject of forthcoming studies.
In addition to that, the LWSM gives rise to resonances of all gauge bosons, which could be searched for through standard methods employed in the search of Z ′ , W ′ and g ′ states. This has already been discussed in [12] 6 . Finding them would make the similarity to UED models more manifest, the absence of neutralinos, charginos and gluinos and a mismatch of numbers of states in turn would help ruling out the MSSM or similar supersymmetric models. Of course, again, this statement is to be taken with the caveat of the particles being kinematically accessible. In contrast to the two other models mentioned in this section, the LWSM has a number of distinguishing features:
• First of all, while both the MSSM and the UED models provide a parity (R-parity or KK-parity), forcing the existence of a lightest, stable supersymmetric or KK partner particle, all LW partners may decay, such that ultimately only SM-like particles emerge. Hence, typically there won't be any signatures -apart from those involving neutrinos in the decay chains -involving large missing E T fractions.
• Secondly, all LW partners have exactly the same spin as their SM counterparts. A careful measurement of the spins of decaying resonance-like structures through momentum correlations in their decay chains in the spirit, e.g., of [24] will therefore help ruling out the MSSM.
• In order to distinguish the LW model from models like the UED model, a careful analysis of the mass spectrum or the particle mixings may help. The truly unique feature of the model is that the ghost nature of the LW states leads to cancellations whereas the orthosymplectic diagonalization gives rise to an enhancement which results in small effects despite the many resonances, as in the amplitude gg → h 0 → γγ. The UED model [25] is distinct in that the additional KK states lead to purely additional effects.
Conclusions
In this paper the process gg → h 0 → γγ was investigated in the LWSM, an extension of the SM proposed by Grinstein, O'Connell and Wise, based on an idea of Lee and Wick. All relevant sectors of the model were diagonalized by orthosymplectic transformations, differing from the usual unitary diagonalization procedure. This difference was necessitated by the ghost-like nature of the LW partners to the SM fields. Numerically, the changes to the measurable overall cross-section times branching ratio σ(gg → h 0 ) Br(h 0 → γγ) are rather small, due to compensating effects between the mixing-enhanced couplings and cancellations due to the ghost-like nature of the LW partners running in loops. It has been demonstrated how this effect can be understood from the higher derivative formulation of the theory. In channels other than h 0 → γγ the larger enhancement of the cross-section σ(gg → h 0 ) may be measurable.
Signals of heavy LW resonances at future colliders, taken in combination with the absence of a significant change in σ(gg → h 0 ) Br(h 0 → γγ) is a distinctive feature of the LWSM.
Further signatures of the LWSM may be found in the top sector, where it has been shown that measurements of |V t(b,s,d) | would show an enhancement from the expected value, contrary to the predictions of, for example, 4th generation models. This enhancement is entirely due to the ghost-like nature of the LW-particles and constitutes another particularly distinctive signature.
Besides experimental constraints on the LW gauge bosons, coming from measurements of ∆ρ, it would certainly be desirable to work out in more detail constraints on the LW top, W's and Higgs bosons. 
B Triangle graph function
In this appendix the well known results for the triangle graphs for the subprocesses h 0 → gg(γγ) as shown in Fig. 1 , will be given. All results will be parametrised in terms of an effective Lagrangian
A term 1/2 has been factored out in front of the gluon field field strength tensor G 2 ≡ G a µν G µν a , which originates from the normalisation of the Gell-Mann matrices Tr[ δ ab . The gluon only couples to the quarks whereas the photon also couples to Wbosons. The number of graphs contributing to the latter can be considerably simplified by employing the background field gauge [26] or a non-linear R ξ gauge [27] by choosing the gauge parameter such that Higgs-gauge terms and gauge fixing terms cancel. The gluon and and photon form factors are parametrised as follows
Ghosts and unphysical charged scalars contributions have to be added to the W boson contribution 9) where η denotes the ghosts and ϕ the would-be Goldstone bosons. However, employing the non-linear R ξ gauge [27] the individual terms read (ln
The result for F 1/2 can for instance be found in reference [26] . For the fermion loops it is only the top quark that matters, the size of the b quark loop is below one percent as compared to the top contribution. The sum of the three contributions of the vector .12) reproduces the result in reference [26] . In the table below values for the form factors are quoted, which are of relevance for the analysis in this publication, namely the asymptotic values for an infinitely heavy loop particle β → ∞, which were first obtained in [28] and shown to be the photonic β-function coefficients [26] , and the values for physical threshold parameters for a Higgs mass m h 0 ,phys = 120 GeV.
